Abstract. The impact of pancreatin and calcium addition on a wide array of lipid-based formulations (LBFs) during in vitro lipolysis, with regard to digestion rates and distribution of the model drug danazol, was investigated. Pancreatin primarily affected the extent of digestion, leaving drug distribution somewhat unaffected. Calcium only affected the extent of digestion slightly but had a major influence on drug distribution, with more drug precipitating at higher calcium levels. This is likely to be caused by a combination of removal of lipolysis products from solution by the formation of calcium soaps and calcium precipitating with bile acids, events known to reduce the solubilizing capacity of LBFs dispersed in biorelevant media. Further, during the digestion of hydrophilic LBFs, like IIIA-LC, the un-ionizedionized ratio of free fatty acids (FFA) remained unchanged at physiological calcium levels. This makes the titration curves at pH 6.5 representable for digestion. However, caution should be taken when interpreting lipolysis curves of lipophilic LBFs, like I-LC, at pH 6.5, at physiological levels of calcium (1.4 mM); un-ionized-ionized ratio of FFA might change during digestion, rendering the lipolysis curve at pH 6.5 non-representable for the total digestion. The ratio of un-ionized-ionized FFAs can be maintained during digestion by applying non-physiological levels of calcium, resulting in a modified drug distribution with increased drug precipitation. However, as the main objective of the in vitro digestion model is to evaluate drug distribution, which is believed to have an impact on bioavailability in vivo, a physiological level (1.4 mM) of calcium is preferred.
INTRODUCTION
The development of lipid-based formulations (LBF) for poorly soluble drugs is a recognized strategy to improve drug solubilization and absorption in the gastro-intestinal (GI) tract (1) (2) (3) . Upon release into the gastrointestinal milieu, the LBF will mix first with gastric juice containing gastric lipase and subsequently with pancreatic juice and bile. Endogenous surfactants secreted in bile allow the emulsification of dietary lipids with a large surface area available for enzymatic hydrolysis by lipases from pancreatic juice. These surfactants can also interact with LBFs and products resulting from LBF lipolysis. Mixed micelles can thus be formed from the lipolysis products and exo-and/or endogenous surfactants. The drug initially present in LBF can partition between the colloidal phases/structures dispersed in solution until absorption through the intestinal epithelia (4) . Studying the gastrointestinal lipolysis of LBFs and the various effectors involved in the enzymatic lipolysis process is therefore essential for understanding the fate of LBF in the GI tract and assessing their performance in drug solubilization/dispersion.
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The most important digestive enzymes in the GI tract are secreted by the exocrine pancreas and released in the duodenum. Pancreatic lipase is thus present at levels of 150-600 units/ml in fasted human duodenal aspirates (5, 6) and at much higher levels (1,700-7,000 U/ml) under fed conditions (7) . Variations in lipase levels are mostly caused by intersubject differences, by varying means of lipase quantification (USP vs. tributyrin units (TBU)), and by the fact that enzyme secretion and stability drastically differ between fasting and fed conditions. It is thus easier to assess digestive enzyme levels under fed conditions than under fasting conditions because the meal triggers enzyme secretions and protects them from proteolytic inactivation, by pepsin, which is primarily active at acidic conditions (8, 9) . Several lipase activity assays are used for determining lipolytic activity, varying with regard to type of substrate, pH value, choice of surfactants, and/or level of surfactants (10) (11) (12) . All factors which are known to impact the rate of digestion hence make a direct comparison of the obtained values very difficult. Armand et al. determined a lipolytic level of pancreatic lipase in basal duodenal fluid of around 600 units/ml, using an assay which is very similar to the lipase assay of the United States Pharmacopeia's (USP) monograph for pancreatic extracts (12) .
The most commonly used source of lipase for in vitro intestinal lipolysis models is pancreatin, a porcine pancreas extract (PPE) containing the main pancreatic digestive enzymes. This is due not only to limited commercial availability of human pancreatic lipase (HPL) and colipase but also to the fact that this mixture of enzymes contains additional lipolytic enzymes and thus better mimics the lipolytic potential of complete human pancreatic juice. Porcine pancreatic lipase (PPL) has furthermore been shown to have comparable digestive properties to that of HPL (13) .
Human duodenal fluid contains pancreatic lipase and its co-lipase as the main lipases and other lipolytic enzymes such as carboxylester hydrolase, pancreatic lipase-related protein 2, and phospholipase A 2 , most of these enzymes being also present in PPE along with proteases, amylases, and impurities consisting of inorganic and organic material (14) (15) (16) .
Calcium, which is part of the inorganic material in PPE, has an impact on pancreatic lipase activity, at least in vitro (17) . Calcium forms insoluble soaps with the liberated free fatty acids (FFA) and thus allows the removal of FFAs, which will hamper lipolysis, from the emulsion surface (18) .
In the fasted state, the concentration of calcium in human duodenal fluids has been reported to be 0.5-3 mM (19, 20) . The rate of triacylglycerol lipolysis is highly dependent on the concentration of calcium up to at least 10 mM (17) . It has also been shown that during in vitro lipolysis, the calcium addition scheme is a tool to control the lipolysis process in that continuous addition gives rise to a linear timedependent hydrolysis (6) . Thus, the complexity and diversity of the gastrointestinal fluids, including variable levels of pancreatic lipase and calcium, influencing lipolysis do, however, provide an obstacle to the standardized evaluation of LBFs.
To address this, the Lipid Formulation Classification System (LFCS) Consortium was formed in 2009 with the objective to develop and characterize standardized in vitro methods for assessment of LBFs used for oral drug delivery (21) .
The initial work of the consortium included tests and validation of an in vitro digestion test, ensuring reproducibility and comparable results between two participating laboratories in Monash and Copenhagen (21) . The purpose of this article is to further characterize the LFCS digestion model in order to better understand the impact of the key parameters, pancreatin and calcium levels, on the digestion of eight different LBFs and the behavior of the incorporated drug. The LBFs used in this study are the same as those described and used in the previous LFCS publications (21) (22) (23) .
MATERIALS AND METHODS

Materials
Danazol USP was purchased from Unikem (Denmark). S o d i u m t a u r o d e o x y c h o l a t e > 9 5 % ( N a T D C ) , 4 -bromobenzylboronic acid (4-BBBA), corn oil, Tween 85, and porcine pancreatin (8 × USP specifications activity) were all obtained from Sigma-Aldrich (Saint-Louis, USA). Phosphatidyl choline (Lipoid S-PC, approximately 99% pure, from soy) was bought from Lipoid (Ludwigshafen, Germany). Captex 300 and Capmul MCM were obtained from Abitec Corporation (Columbus, OH, USA). Maisine 35-1 and Transcutol were kindly donated by Gattefossé (St. Priest, France). Cremophor EL was obtained from BASF Corporation (Ludwigshafen, Germany). Purified water (18.2 MΩ cm) was obtained from an Ultra Clear UV water purification system from SG Wasseraufbereitung und Regenerierstation (Barsbüttel, Germany). All other chemicals and solvents used in this work were of analytical purity or high performance liquid chromatography (HPLC) grade.
Preparation of Lipid-Based Formulations
The LFCS LBFs were composed according to Table 3 (supplementary material) and previous reports (21) (22) (23) .
The components of the LBF were weighed into glass vials and vortex-mixed to ensure homogeneity. In each formulation, danazol was loaded at 80% of its saturation solubility in each LBF, as previously reported, thoroughly mixed, and incubated at 37°C until all danazol was dissolved in the lipid base (21) . All formulations were freshly prepared and used within 48 h from preparation.
Pancreatin Preparation
One gram of pancreatin was suspended in 5 ml of digestion buffer (without bile salt and phospholipid) for the reference conditions and approximately 17 μL of 5 M NaOH to obtain a pH of 6.5. After centrifugation for 7 min at 4,500 rpm (4°C) in a Megafuge 16R from Hereaus (Langensenbold, Germany), the lipase containing supernatant was used to digest the formulations. The activity in the digestion vessel upon addition of 4 ml pancreatin preparation was 600 USPU/ml (corresponding to 1,000 TBU/ml) in the reference protocol, although the amount of pancreatin added was varied during the lipase activity experiments in order to obtain different enzyme activities in the vessel.
LFCS Consortium In Vitro Digestion Test Conditions of LBFS
The reference conditions for the in vitro digestion of the formulations were similar to those established in the first LFCS paper (21) . A digestion buffer consisting of 2 mM tris maleate, 150 mM NaCl, 1.4 mM Ca 2+ , 3 mM NaTDC, and 0.75 mM phosphatidyl choline in purified water was used (pH=6.5). All the data obtained at reference conditions have been reproduced from the first LFCS paper (21) .
One gram LBF was weighed and introduced into a thermostat-jacketed glass reaction vessel (Metrohm® AG, Herisau, Switzerland), which was placed in the experimental setup consisting of a pH-stat apparatus (Metrohm® AG, Herisau, Switzerland), comprising a Titrando 802 propeller stirrer/804 Ti Stand combination, a glass pH electrode (iUnitrode), and two 800 Dosino dosing units coupled to 10-ml autoburettes (Metrohm® AG, Herisau, Switzerland). The apparatus was connected to PCs and operated using Tiamo 2.0 and 1.3 software.
Digestion buffer (36 ml) was added, and stirring was initiated; the formulation was allowed to disperse and emulsify for 10 min before digestion was commenced by addition of 4 ml pancreatin preparation. During 30-min digestion, pH in the reaction vessel was kept constant at 6.5 by automatic addition of either 0.6 M (MC-formulations) or 0.2 M NaOH (type IV and LC formulations). After 30-min digestion, pH was rapidly elevated with 1 M NaOH to pH 9 in order to fully ionize the FFAs produced during the digestion of the LBF (10, 11, (21) (22) (23) (24) . The amount of NaOH added during the 30-min digestion and the amount needed to elevate pH to 9 were subtracted the corresponding values obtained during a blank lipolysis (no formulation) and used to calculate the extent of lipolysis in terms of FFAs formed. This was done to account for titration of impurities originating from the crude pancreatic extract and FFAs liberated from phosphatidyl choline. Titration to pH 9 was, however, not conducted during the dynamic addition of calcium, and the total extent of digestion can therefore not be accounted for in our current setup during these experiments.
Evaluation of Varying Pancreatin Levels
The reference conditions were applied with the following exception-pancreatin levels in the vessel were varied as follows: 150, 300, 600 (reference), and 900 USPU/ml.
Determination of Calcium Content in Pancreatin
A total of 200 mg of crude pancreatin was dissolved overnight in 67% nitric acid. This solution was diluted ten times in purified water, and the calcium concentration was determined by atomic absorption spectroscopy using a Perkin Elmer Atomic Absorption Spectrophotometer (model 2380; Waltham, MA, USA).
Evaluation of Varying Calcium Levels and Addition Schemes
Two different calcium addition schemes were applied: (1) The initial calcium level in the assay buffer was set at 0, 1.4, 5, or 10 mM, and lipolysis was carried out according to the reference protocol. (2) No calcium was added to the digestion medium, but calcium was continuously added throughout the digestion period to obtain the following final concentrations: 0, 1.4, 5, and 10 mM.
Determination of Fatty Acid Ionization During the Course of Digestion
In vitro lipolysis tests of I-LC and IIIA-LC (Supplementary material, Table 3 ) were conducted at two different calcium concentrations: at 1.4 mM according to the LFCS Consortium in vitro digestion test conditions for digestion of LBFs and at 10 mM calcium. These two formulations were chosen in order to test whether the emulsification properties, as well as the amount of surfactant present in the formulation, affected the ratio of FFA ionization during the course of digestion. The digestions were inhibited at 1, 5, 10, and 20 min by addition of 200 μl of 1.0 M 4-BBBA to the reaction vessel, and "back-titrations" to pH 9 were conducted. A corresponding blank lipolysis (no formulation) was conducted for each time point.
Separation of Digestion Phases
At the end of digestion (t=30 min), a 4-ml sample was withdrawn and ultra-centrifuged at 100,000 rpm (5.4×10 5 g at r max ) for 30 min at 37°C in a Beckmann-Coulter OptimaTM MAX Ultracentrifuge with a TLA-110 rotor (BeckmannCoulter, Fullerton, CA, USA) in order to separate the digestion phases. In cases where a residual oil phase was formed, this was quantitatively removed using a hydraulic pump equipped with a silicone tube and a syringe. The oil phase was dissolved in methanol and diluted in mobile phase before HPLC analysis.
The aqueous phase was collected in the same manner and diluted in mobile phase. The pellet was dissolved in methanol and subsequently diluted in mobile phase prior to quantification by HPLC.
HPLC Detection of Danazol
All samples were analyzed by means of a Hitachi System from Merck with the following devices: D-7000 interface, L-7200 autosampler, L-7100 pump, L-7350 LaChrom column oven, and L-7400 LaChrom UV-detector (285 nm). The column was a C18, 150 × 4.6 mm, 5 μm, Phenomenex (Torrance, CA, USA), and equipped with a C18, 3.0×4 mm, Phenomenex guard column.
The mobile phase consisted of acetonitrile and water in a 60/40 v/v ratio which was pumped through the column at 1.25 ml/min flow rate.
RESULTS
In Vitro Lipolysis: Effect of Varying Pancreatin Levels
The liberation of FFAs at pH 6.5 during digestion of LBFs containing LC-fatty acids (FA) and LBF type IV at different levels of pancreatin is shown in Fig. 1 .
For type I-LC, a fast initial lipolysis rate was observed at all enzyme levels; within the first 30 s, approximately 50% of total hydrolysis had taken place. Afterwards, the lipolysis rate leveled off, and only a small fraction of the total hydrolysis, detected at pH 6.5, occurred in the final 20 min. The extent of lipolysis at 30 min increased by 33% from 150 to 300 USPU/ ml; further addition of pancreatin led to no significant changes in the extent of lipolysis. The increase only accounted for ionized liberated FFAs, titrated at pH 6.5 (21, 22) . FFAs are known to have a higher apparent pK a in micellar solutions than a typical carboxylic acid in water (e.g., acetic acid, pK a 4.75) and are therefore not fully deprotonated at pH 6.5 (21, (25) (26) (27) . Thus, in order to quantify all liberated FFAs, it was necessary to perform a backtitration to pH 9 at the end of the lipolysis assay, as explained in previous publications, to also detect the FFAs that are unionized at pH 6.5 (10, 11, (21) (22) (23) (24) ). An increase of 47% was achieved by elevating lipase activity from 150 to 900 USPU/ ml, when all liberated FFAs are accounted for by a titration to pH 9 (Supplementary material, Table 4 ).
Even though a trend towards increased total digestion (FFAs titrated at 6.5 and 9) was observed at higher enzyme activity levels, only 40% of the FAs available for hydrolysis in the LBF were liberated during 30-min digestion at 900-USP U/ml activity level (Table I) . Thus, complete digestion was not obtained during these test conditions of I-LC.
Digestion of II-LC had the most notable effect of increasing pancreatin from 150 to 300 USPU/ml, and the remaining increases of pancreatin levels only had a minor impact on FFAs titrated at pH 6.5. During the digestion of IIIA-LC, an increase of 36% in FFAs detected at pH 6.5 was observed from 150 to 300 USPU/ml, and the remaining curves clustered together.
The amount of FFAs titrated at pH 6.5 did increase by 120 and 28% for II-LC and IIIA-LC, respectively, when pancreatin was increased from 150 to 900 USP U/ml, and the total extent of lipolysis increased by 79 and 28% II-LC and IIIA-LC, respectively (Supplementary material, Table 4 ).
The digestion of type IV was different from the other formulations. No fast initial lipolysis was observed, and the extent of lipolysis was very limited (approximately 0.028 mmol FFA was titrated at standard conditions). No triacylglyceride (TAG) is present in this formulation, and the only digestible excipient is Cremophor EL, which during digestion only released 0.36 mmol per gram of surfactant (28) . Thus, the presence of additional pancreatin had negligible effect on lipolysis rate especially at activity levels 150 to 600 USPU/ml. An increase in extent of lipolysis was, however, observed from 600 to 900 USPU/ml.
By elevating pancreatin activity from 150 to 900 USPU/ ml, the total extent of digestion on average for LC-LBFs increased by 51%, whereas the amount of FFAs detected at pH 6.5 increased by 55% on average (Supplementary material, Table 4 ). The ratio of un-ionized-ionized FFA, which was calculated by dividing the amount of FFAs titrated at pH 6.5 with FFAs quantified at pH 9, is therefore expected Fig. 1 . Titrated FFA at pH 6.5 during 30-min digestion of LBF type I-LC*, II-LC, IIIA-LC, and IV at enzyme levels of 150, 300, 600, and 900 USPU/ml (filled square, filled diamond, filled triangle, and open circle, respectively) over time (min) (n=2-3). Only FFAs liberated from LBFs are depicted as contribution from background blank lipolysis (no LBF) has been subtracted to remain somewhat unchanged during digestion at the different pancreatin levels, which also can be observed in Table I . Figure 2 shows the course of liberated FFAs from lipolysis of four LBFs containing MC-FA by varying the lipase activity levels at pH 6.5. The lipolysis curves at all activity levels and MCLBFs showed a fast initial lipolysis, in agreement with lipolysis of LBFs containing LC-FAs. Approximately 70-85% of lipolysis occurred within the initial 10 min at standard conditions for the tested MC-LBFs. An increase in extent of digestion was observed with increasing pancreatin levels. However, for I-MC, IIIA-MC, and IIIB-MC formulations, the most noticeable increase was observed between activity levels 150 and 600 USPU/ml. Thus, no notable effect was obtained by elevating the lipase from 600 to 900 USPU/ml. Formulation II-MC was, however, affected by the varying activity levels, and it was possible to distinguish between the extents of digestion, detected at pH 6.5, for all four activity levels. For formulation I-MC and IIIA-MC, no increase of liberated FFAs was observed by elevating the activity level from 150 to 300 USP units/ml. However, an enhancement by 24 and 29%, respectively, was observed by elevating the level from 300 to 600 USPU/ml. This indicated that a somewhat threshold activity level is present between the two activity levels. All four MC formulations are completely digested at 600 USPU/ml lipase level, and the addition of further lipase would therefore have negligible effect on the extent of digestion (Table I) . Hence, the lipolysis curves at activity levels 600 and 900 USPU/ml at pH 6.5 are expected to cluster together for all MC-containing formulations if the ratio of FFA ionization remains unchanged throughout the different activity levels. From Table I , it can be seen that the un-ionizied-ionized FFA ratio seems to be more or less unaffected by the various lipase concentrations for all eight formulations (e.g., II-MC with a ratio of 0.71, 0.72, 0.65, and 0.74, respectively, for 150, 300, 600, and 900 USPU/ml), and no relationship between activity level and FFA ionization can be established. Thus, the assumption of a constant ratio of unionized-ionized FFAs throughout the lipolysis appears to be reasonable when the level of pancreatin was varied. The average total extent of digestion of MC-LBFs, when elevating pancreatin activity from 150 to 900 USPU/ml increased by 59%, whereas the amount of FFAs detected at pH 6.5 increased by 41% on average (Supplementary material, Table 4 ).
Determination of the Calcium Content in Pancreatin
The calcium content in pancreatin was determined in order to assure that calcium in the medium predominantly originated from CaCl 2 added. This was necessary as the employed pancreatin is a crude extract obtained from the entire porcine pancreas that can contain calcium. The content of calcium in crude pancreatin dissolved in HNO 3 was determined to be 628± 43 μg/g. However, when pancreatin was added to the lipolysis vessel, the poorly water-soluble components had been removed by centrifugation. Thus, the appropriate concentration to determine in order to account for pancreatin's calcium contribution is the content in the supernatant. The calcium concentration in the supernatant of the pancreatin preparation was determined to be 28.8±2.2 μg/ml, causing the total concentration in the lipolysis vessel to rise 0.07±0.005 mM. Thus, the concentration of calcium is low in the pancreatin solution compared to the calcium levels tested in this paper and does not therefore influence the experiments significantly.
In Vitro Lipolysis: Effect of Varying Calcium Levels and Addition Schemes
Initial Addition of Calcium's Effect on Digestion of LC-FA-Based LBFs
The impact of different calcium levels present at time zero on the digestion rate of LC-LBFs and LBF type IV, at pH 6.5 and 600 USPU/ml of pancreatin, is depicted in Fig. 3a . A fast and substantial initial lipolysis was observed for I-LC, II-LC, and IIIA-LC: within the first 10 min, 89, 74, and 74% of the total amount of liberated FFAs, at pH 6.5, respectively, at standard conditions (1.4 mM Calcium). However, as calcium concentration increased, so did the extent of titrated FFAs at pH 6.5 through the concentrations tested. A linear relationship can be established between calcium concentration and titrated FFAs at pH 6.5 for the three LC-FA-based Maximum relative standard deviation (RSD) for the parameter (type IV excluded due to low extent of digestion resulting in high RSDs) (Table II) . Type IIIA-LC had, on the other hand, been completely digested, and further addition of calcium would not benefit the extent of digestion. The digestion of formulation type IV was, however, promoted by the increasing calcium levels, but no linear relationship could be established. It is furthermore worth noticing that the un-ionizedionized FFA ratios in Table II decreased with increasing calcium concentrations. This can also be observed in Table 5 (Supplementary material) where the amount of ionized FFAs detected at pH 6.5 from LC-LBFs on average increased by 346%, when elevating calcium levels from 0 mM to 10 mM, but the total release of liberated FFAs (ionized+un-ionized) only appeared to increase >19%.
Dynamic Addition of Calcium's Effect on Digestion of LC-FA-Based LBFs
The impact of continuous calcium addition on the rate of digestion of LC-LBFs and LBF type IV is depicted in Fig. 3b . A fast initial lipolysis did occur at reference conditions (1.4 mM calcium) for formulation I-LC, II-LC, and IIIA-LC, and 66, 55, and 55% of the hydrolysis detected at pH 6.5 occurred within the first 10 min.
Even though a fast initial lipolysis did occur, the pace of digestion within the initial 10 min was reduced compared to when calcium was added at time point zero for all three LBFs. An increase in calcium addition rate led to more titrated FFAs at pH 6.5, and a linear relationship can be established between calcium concentration and FFA titrated with correlation factors 0.992, 0.995, and 0.996 for I-LC, II-LC, and IIIA-LC, respectively. Formulation type IV did again vary from the lipid-based formulations as no fast initial lipolysis did occur, and only a very limited amount of FFAs was liberated during the digestion. The digestion was however promoted by the increasing calcium levels, but no linear relationship could be established here either.
Initial Addition of Calcium's Effect on Digestion of MC-FA-Based LBFs
The impact of calcium by the initial addition scheme and its impact on digestion rate of LBFs containing MC-FAs, at pH 6.5, are depicted in Fig. 4a . LBFs I-MC, II-MC, IIIA-MC, and IIIB-MC followed the same trend as described earlier: a fast initial lipolysis rate, followed by a subsequent slower digestion pace for all the tested calcium levels. Within the first 10 min of digestion of I-MC, II-MC, IIIA-MC, and IIIB-MC at standard conditions (1.4 mM calcium), 71.3, 81.4, 80.2, and 77.7%, respectively, of the total hydrolysis detected at pH 6.5 had taken place. The amount of titrated FFAs at pH 6.5 was not greatly affected by increasing calcium levels from 0 to 5 mM for I-MC, II-MC, and IIIA-MC, and at 30 min, increases of 10.3, 7.5, and 10.6% of titrated FFAs at pH 6.5 were obtained, respectively. However, by elevating the calcium level from 5 to 10 mM, increases of 14.5, 19.8, and 19.1% were evident at 30 min, suggesting that there might be a threshold concentration between 5 and 10 mM, above which the degree of lipolysis is increased. This was also confirmed by the total extent of digestion (including titration to pH 9) (Table II) , where increases of 12.8, 8.7, and 15.6% were obtained when elevating calcium levels from 5 to 10 mM for I-MC, II-MC, and IIIA-MC, respectively, and only an increase of 16.8, 3.1, and 9.0% when calcium level was elevated from 0 to 5 mM, respectively, for the three LBFs. Formulation IIIB-MC did not seem to be affected by a threshold calcium concentration; a more pronounced increase of digestion was actually observed when elevating the calcium level from 0 to 5 mM (18.1% increase) than from 5 to 10 mM (11.0% increase). Table II Maximum relative standard deviation (RSD) for the parameter (type IV excluded due to low extent of digestion resulting in high RSDs)
The total extent of digestion (FFA detected both at pH 6.5 and 9) of MC-LBFs on average increased by >31% when elevating calcium levels from 0 to 10 mM, whereas the amount of FFAs detected at pH 6.5 increased by 30% (Supplementary material, Table 5 ).
Dynamic Addition of Calcium's Effect on Digestion of MC-FA-Based LBFs
The impact of the dynamic calcium addition scheme on rate of digestion of LBFs containing MC-FAs is depicted in Fig. 4b . As for the initial calcium addition, a fast initial lipolysis was seen, and within the first 10 min, 74.1, 80.8, 80.4, and 78.6% of the total hydrolysis occurred for LBF I-MC, II-MC, IIIA-MC, and IIIB-MC, respectively, at reference calcium level (1.4 mM calcium). However, the rate and extent of lipolysis of I-MC, II-MC, and IIIB-MC did not seem to be greatly affected by the increasing levels of calcium added by the dynamic addition scheme as the digestion curves for each formulation clustered together regardless of the calcium addition rate. For LBF type IIIA-MC, changing the calcium concentration from 0 to 5 mM did not appear to affect the rate or extent of lipolysis; however, when increasing calcium level from 5 to 10 mM, the extent of digestion was enhanced by 18.5%. Thus, the digestion of MC formulations, except IIIA-MC, did not appear to be promoted by increasing calcium levels added by the dynamic calcium scheme. Figure 5 shows the un-ionized-ionization FFA ratio during in vitro digestion of I-LC and IIIA-LC at two calcium levels: 1.4 and 10 mM. The ratio increased for formulation I-LC at 1.4 mM Ca 2+ over time; initially (1 min of digestion), the ratio was 0.83; corresponding to 55% of the total amount of liberated FFAs are titrated at pH 6.5. During the course of digestion, the ratio increased and was 3.83 after 20 min, which corresponds to a detection of 21% of the total liberated FFA at pH 6.5. Hence the "back titration" at pH 9 accounted for a more substantial amount of the liberated FFAs as digestion progressed.
In Vitro Lipolysis: Change of Fatty Acid Ionization During the Course of Digestion
The ratio was, however, influenced by the calcium concentration. The FFA ionization ratio during the digestion of I-LC at 10 mM Ca 2+ remained somewhat unchanged from 0.61 after 1 min to 0.76 after 20 min, which corresponds to a decline in titrated FFAs at pH 6.5 from 62 to 57%. It is furthermore worth noticing that the ionization ratio is below 1 throughout the tested time points, indicating that the majority of liberated FFAs are titrated at pH 6.5.
The ionization ratio for IIIA-LC decreased slightly from 2.54 to 1.91 during the course of digestion, corresponding to an increase in detected FFA from 28 to 34% at pH 6.5. The same trend was observed when calcium level was elevated to 10 mM; the ratio drops from 1.31 to 0.71, equal to an increase of FFA detected at pH 6.5 from 43 to 58%.
Both formulations did in general have higher un-ionizedionized ratios at 1.4 mM than 10 mM, suggesting that calcium had a major influence on the un-ionized-ionized FFA equilibrium.
In Vitro Lipolysis: Distribution of Danazol During Digestion
The impact of varying pancreatin and calcium levels and addition schemes on danazol distribution after 30 min digestion of I-LC, II-LC, IIIA-LC, and IV can be seen in Fig. 6a-c . (Fig. 6a) For I-LC, the amount of danazol in the oil phase was decreasing, with increasing pancreatin levels. The decrease in danazol present in the oil phase corresponded to the increase in the pellet phase, and the danazol concentration in the aqueous phase remained somewhat unchanged. The digestion of LBFs II-LC, IIIA-LC, and IV, with increasing levels of pancreatin, did not affect danazol distribution, and it remains similar throughout the tested conditions.
Initial Addition of Calcium's Effect on Drug Distribution (Fig. 6b) The danazol distribution for I-LC and IV at different calcium levels seemed to be more or less unchanged. For II-LC and IIIA-LC, a decline in danazol situated in the oil phase was observed with increasing calcium levels. This decline resulted in a higher amount of danazol in both aqueous and pellet phase.
Dynamic Addition of Calcium's Effect on Drug Distribution for LC-FA-Based LBFs (Fig. 6c) LBF type I-LC, II-LC, and IV were unaffected by modifications in calcium concentrations.
For IIIA-LC, danazol content in the oil phase was decreasing with higher calcium concentrations, and the amount in the pellet had increased from 0 mM calcium to 10 mM. The concentration of danazol in the aqueous phase did furthermore increases for IIIA-LC.
For the MC-LBFs, the impact of varying pancreatin (Fig. 7a) and calcium levels and addition schemes (Fig. 7b, c) on danazol distribution after 30-min digestion can be seen in Fig. 7a -c.
Pancreatin's Effect on Drug Distribution for MC-FA-Based LBFs (Fig. 7a) For I-MC, the amount of danazol in the oil phase increased from 0 to 600 USPU/ml and decreased from 600 to 900 USPU/ml. The increase and subsequent decrease in danazol distributed to the oil phase corresponded to the . The dashed line indicates the unionized-ionized ratio 1. When the ratio is above 1, the majority of FFAs are detected by back titration to pH 9 and continuous titration at 6.5 is the dominant way of detection below 1 Fig. 6 . Drug distribution during digestion of LC-LBFs and IV under varying a pancreatin levels, b fixed calcium addition levels, and c dynamic addition levels.
-oil phase, -aqueous phase, -pellet phase. The four formulations seems to be unaffected by the different pancreatin or calcium levels. Formulation IIIA-LC does, however, seem to be slightly affected by the varying calcium levels in b and c decrease from 0 to 600 USPU/ml and increases from 600 to 900 USPU/ml in the amount of danazol situated in the aqueous phase. The changes are however small. The pellet remained unaffected by the varying pancreatin levels. II-MC and IIIB-MC were somewhat unaffected by the variation in levels of pancreatin. The danazol content in the aqueous phase, during digestion of IIIA-MC, increased slightly from 0 to 600 USPU/ml and then dropped from 600 to 900 USPU/ml. The pellet phase decreased from 0 to 600 USPU/ml and increases from 600 to 900 USPU/ml. The digestion phases are interconnected. Thus, when danazol content in the aqueous phase decreased, content in the pellet phase increased and vice versa.
Initial Addition of Calcium's Effect on Drug Distribution for MC-FA-Based LBFs (Fig. 7b) During the digestion of I-MC, increasing levels of calcium resulted in a decline in the amount of danazol located in the oil phase. This decline was reflected in an increase of danazol precipitating to the pellet, while the aqueous phase was unaffected. However, during the digestion of II-MC and IIIA-MC, the amount of danazol in the aqueous phase was decreasing with higher calcium levels. The variation in calcium levels did not affect the danazol distribution during digestion of IIIB-MC.
Dynamic Addition of Calcium's Effect on Drug Distribution for MC-FA-Based LBFs (Fig. 7c) The danazol situated in the oil phase during digestion of I-MC was unaffected by varying calcium levels. The concentration in the aqueous phase was declining with higher calcium concentrations, resulting in more danazol precipitating to the pellet. The same trend was also observed during digestion of II-MC and IIIA-MC. During digestion of IIIB-MC, the danazol distribution was unaffected by the varying levels of calcium.
It was generally observed that when the oil phase was physically disappearing, which happened at elevated pancreatin or calcium levels, the amount of danazol distributed to the oil phase decreased. Since the solubility in the oil phase most likely did not change dramatically throughout the different test conditions, whereas the oil phase itself was diminished during the 30-min digestion, the reduced amount of danazol is probably due to the disappearance of the oil phase.
DISCUSSION
In Vitro Lipolysis: Effect of Varying Pancreatin and Calcium Levels on Digestion
As evident from the data described above, varying pancreatin and calcium levels appear to affect the rate and extent of lipolysis. The manner in which they do this is, however, different. Elevation of pancreatin levels from 150 to 900 USPU/ml seems to influence the extent of total digestion for both LC-and MC-LBFs, with increases of 51 and 59% on average, respectively, whereas an elevation in calcium from 0 to 10 mM only results in increases of >19 and >31%, respectively. This is, however contrary to what previously has been reported by Zangenberg et al., where calcium was the most efficient promoter of in vitro digestion (6, 29) . If the Fig. 7 . Drug distribution during digestion of MC-LBFs under a varying pancreatin levels, b varying fixed calcium addition levels and c; varying dynamic addition levels.
-oil phase, -aqueous phase, -pellet phase. The four formulations seemed to be unaffected by the different pancreatin levels. Formulations I-MC, II-MC, and IIIA-MC does however seem to be slightly affected by the varying calcium levels in b and c. More precipitation is experienced with increasing calcium levels detection of FFAs at pH 6.5 is looked at isolated, the increases in digestions are 55 and 41% for LC-LBFs and MC-LBFs, respectively, when elevating the level of pancreatin from 150 to 900 USPU/ml, which is similar to the increase in total digestion (51 and 59%). However, when the level of calcium is raised from 0 to 10 mM, increases in detected FFAs at pH 6.5 of 346 and 30% were observed for LC-LBFs and MC-LBFs, respectively, which do not correlate well with the increases in total extent of digestion (>19 and >31%). Thus, calcium, contrary to pancreatin, does seem to greatly affect the amount of FFA detected at pH 6.5, but only slightly on the total extent of lipolysis. Zangenberg et al. is using a LC-LBF consisting of soybean oil, Tween 80, and Span 80 for the digestion experiments and only quantifies the liberated FFAs by titration at pH 6.5 (6) . Hence, the discrepancy between this recent finding and that of Zangenberg et al. can probably be explained by the lack of an elevation to pH 9 at the end of the experiment in the model of Zangenberg et al. (21) .
A possible explanation for the calcium-promoted detection of FFAs at pH 6.5, but only to a small degree in terms of the total extent of digestion, is that calcium affects the equilibrium between un-ionized and ionized FFAs. This is schematically displayed in Fig. 8 . Calcium pushes the equilibrium between unionized and ionized FFAs towards ionized FFAs according to Le Chatelier's principle by removing ionized FFAs by formation of insoluble calcium soaps (6) . Hence, the more calcium that is present, the more that the equilibrium is affected.
Calcium is furthermore known to precipitate with bile acids, impurities from crude pancreatic extract, as well as liberated FFAs (30, 31) . Hence, at reference calcium levels (1.4 mM), the level of calcium could be expected to drop significantly during lipolysis, resulting in a change of the unionized-ionized FFA ratio during the course of digestion (where unionized FFAs are detected by titration to pH 9 and ionized FFAs quantified by continuous titration at pH 6.5; thus, the amount of ionized FFAs is actually a combination of FFAs deprotonated in solution and FFAs precipitated as soaps.). This is evident for I-LC at 1.4 mM (Fig. 5) . In this case, one should be very careful when interpreting the lipolysis curve at pH 6.5 as it is not representative for the course of digestion. After 1 min, 77% of the FFAs detected at pH 6.5 has been titrated, but only 16% of the total amount of liberated FFAs has been hydrolyzed. However, when the level of calcium is increased to 10 mM, the ratio of unionized-ionized FFAs remains somewhat unchanged during the course of digestion of I-LC (Fig. 5) . Hence, the digestion curve at pH 6.5 is representative of the digestion occurring throughout the in vitro lipolysis experiment.
The micro-milieu in which the FFA is situated is known to influence the apparent pK a value (22, 32, 33) . Thus, another explanation for the changing un-ionized-ionized ratio could be the shift in colloidal structures during the course of digestion, from initial emulsion droplets to the formation of unilamellar and multilamellar vesicles and finally predominantly mixed micelles (34) . This explanation does not, however, seem to be plausible in our studies as the unionized-ionized ratio seems to be somewhat unchanged at different pancreatin levels even though more digestion is occurring.
Calcium precipitating with bile acids could also be expected to affect the apparent pK a as bile concentration affects the pK a of FFAs (22) . Again, this seems only to have a minor contribution in our studies as the un-ionized-ionized ratio is unchanged during digestion at 10 mM Ca 2+ , which, since it is the highest tested concentration, is expected to be the level where most bile acids would precipitate.
For LBF IIIA-LC, the pattern of the ratio appears to be slightly different at both 1.4 and 10 mM as it drops during the course of digestion. The drop is, however, small (2.54 to 1.91 at 1.4 mM Ca 2+ and 1.31 to 0.71 at 10 mM Ca 2+ ), and the curves at pH 6.5 are more or less representative of the Step 2: FFAs are solubilized in aqueous phase until saturation solubility is reached. Afterwards, FFAs will form their own liquid phase.
Step 3: equilibrium between ionized and unionized FFAs exists and only the ionized FFAs are being detected by titration at pH 6.5.
Step 4: FFAs are getting removed from the oil/water interface by calcium and the equilibrium in step 3 is pushed towards ionized FFAs.
Step 5: FFAs (aq) and FFAs (l) are being accounted for by an elevation of pH to 9 digestion occurring (data not shown). The decrease in the ratio during the course of digestion can probably be linked to the formation of lipolysis products (diacylglycerides (DAGs) and monoacylglycerides (MAGs)), which together with surfactant Cremophor EL help solubilize FFAs in the aqueous phase. The more hydrophilic nature of IIIA-LC compared to I-LC explains why the un-ionized-ionized ratio pattern is different.
It is furthermore worth noticing that the un-ionizedionized ratio is only slightly affected for MC-LBFs. This is probably due to a combination of several things: (1) Calcium soaps of MC-FAs are more water soluble, and the equilibrium at step 4 in Fig. 8 is pushed less towards soap formation (35, 36) ; (2) The amount of FFAs released during digestion of MC-LBFs is higher than the amount released from LC-LBFs. Thus, calcium will have a relatively less effect on the equilibrium as calcium will be depleted at all the calcium concentrations tested, e.g., at 10-mM calcium level, which is the highest level tested; the maximal theoretical amount of formable calcium soaps is 0.8 mmol based on a digestion medium volume of 40 ml and a stoichiometric relationship of 2:1 of FFAs to Ca 2+ .
In Vitro Lipolysis: Effect of Varying Pancreatin and Calcium Levels on Drug Distribution
The level of pancreatin was shown to have a major impact on the extent of lipolysis. Thus, it could be expected that varying levels of pancreatin might affect drug distribution during digestion of a LBF. This, however, did not seem to be the case for the eight LBFs tested in this work. The danazol distribution in the different digestion phases is only slightly affected by the increasing level of digestion. One explanation for this behavior might be the lack of absorption in the model. In vivo, liberated FFAs, MAGs, and drug would be absorbed from the lumen and hence be removed from solution. The solubilizing capacity of the dispersed LBF might therefore be reduced as less colloidal structures would be formed. This is, however, not the case in this model as lipolytic products are kept in the medium and are able to be incorporated into various colloidal structures and in turn maintain the solubilizing capacity of the formulation. Hence, changing levels of pancreatin is not very useful if it is desired to stress the solubilizing capacity of a LBF in the model, even though more digestion is occurring. Therefore, a pancreatin level resembling in vivo activity under fasting conditions is preferable (e.g., 600 USPS/ml), as a standard condition, as higher activities do not help to differentiate between LBFs.
In contrast, the level of calcium does have an effect on drug distribution during digestion of IIIA-LC, I-MC, II-MC, and IIIA-MC LBFs and to some extent also I-LC and II-LC LBFs. IIIB-MC and IV LBFs are not affected as the majority of drug is precipitated before digestion is even initiated. This is due to the more hydrophilic nature of the formulations, resulting in a decrease in solubilizing capacity of the LBF during dispersion by partitioning of the hydrophilic components of the LBFs into the aqueous phase (37) . A general observation for the remaining six LBFs is that more drug is precipitating with increasing levels of calcium, which has been observed in previous publications as well (29) . Calcium is known to precipitate as calcium soaps with FFAs, thereby removing some of the lipolysis product from the solution. Thus, as digestion is progressing and FFAs are liberated and precipitated as calcium soaps, the solubilizing capacity for the LBFs is decreasing. It is furthermore worth keeping in mind that no absorption is present in this in vitro model, and all liberated FFAs will therefore not be removed from the system, at physiological levels of calcium, as it might be depleted. This can result in an overprediction of solubilization capacity in the aqueous phase, as mentioned earlier. Thus, by introducing non-physiological calcium levels, this problem might be addressed. It might be beneficial to increase calcium levels if a stress test of a LBF is desired. During standard testing of LBFs, a physiological level of calcium (e.g., 1.4 mM in the fasted state) is however preferred as calcium also precipitates bile acids, which might result in an overestimation of precipitating drug (22) .
CONCLUSIONS
It can be concluded that both calcium and pancreatin affect the extent of LBF lipolysis. Pancreatin is the most potent promoter of the two, which appears contrary to what previous studies, using other formulations and a different model setup, have found, i.e., calcium was the most important factor for lipolysis (6) . However, pancreatin contains the enzymes responsible for lipolysis, and pancreatic lipase is not a calcium-dependent enzyme (38) . Calcium mainly plays an indirect effect by interacting with the reaction products (FFAs) and thus shifts the lipolysis reaction equilibrium in vitro. Calcium affects the ratio between un-ionized and ionized FFAs; elevated calcium levels lead to lower ratios, and therefore a higher amount of ionized FFAs can be titrated directly at pH 6.5, whereas the overall release of FFA only shows a small increase in total digestion. The discrepancy between previous studies and the current study might thus be attributed to the means of FFA detection as lipolysis was only estimated from the titration of ionized FFAs at pH 6.5 in previous studies and was thus largely underestimated (6) .
Interpretation of lipolysis curves of lipophilic LBFs as I-LC at pH 6.5 with standard levels of calcium (1.4 mM) should be conducted with caution as the un-ionized-ionized ratio might change during the course of digestion. Increasing calcium levels does, however, result in increased precipitation of drug by removal of FFAs, but possibly also bile acids. Thus, an overestimation of precipitating drug might occur at non-physiological levels of calcium. Hence, for standard in vitro testing of LBFs, physiological levels of calcium are desirable as drug distribution is believed to be predictive of in vivo bioavailability. It is not sufficient to assume that only solubilized drug will be available for absorption, when applying in vitro lipolysis models, as recent studies have shown that precipitated drug depending on its solid state might be available for absorption (39) (40) (41) . More studies are, however, needed in order to fully elucidate how drug distribution data from in vitro lipolysis are interpreted as recent studies have found discrepancies between drug distribution data and bioavailability (42, 43) . For the more hydrophilic LBFs, as IIIA-LC, the un-ionized-ionized ratio does only change slightly, both at physiological (1.4 mM) and nonphysiological (10 mM) calcium levels. Thus, the digestion curve at pH 6.5 is representative for the total lipolysis occurring. All in all, this work has provided a better understanding of the impact of different parameters on the rate and extent of in vitro lipolysis. These are important tools when optimizing in vitro lipolysis in order to achieve a correlation with in vivo performance.
